Hypocretin (orexin) and dynorphin are neuropeptides with opposing actions on motivated behavior. Orexin is implicated in states of arousal and reward, whereas dynorphin is implicated in depressive-like states. We show that, despite their opposing actions, these peptides are packaged in the same synaptic vesicles within the hypothalamus. Disruption of orexin function blunts the rewarding effects of lateral hypothalamic (LH) stimulation, eliminates cocaine-induced impulsivity, and reduces cocaine selfadministration. Concomitant disruption of dynorphin function reverses these behavioral changes. We also show that orexin and dynorphin have opposing actions on excitability of ventral tegmental area (VTA) dopamine neurons, a prominent target of orexin-containing neurons, and that intra-VTA orexin antagonism causes decreases in cocaine self-administration and LH self-stimulation that are reversed by dynorphin antagonism. Our findings identify a unique cellular process by which orexin can occlude the reward threshold-elevating effects of coreleased dynorphin and thereby act in a permissive fashion to facilitate reward.
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addiction | kappa-opioid receptor | mood | neurotransmission | stress O rexin promotes arousal (1) and has been implicated in the rewarding effects of food (2, 3) , sexual behavior (4) , and drugs of abuse (5, 6) . It is produced primarily within the hypothalamus (7) , and acts at orexin 1 receptor (OX 1 R) and OX 2 R (also known as Hcrt-R1 and Hcrt-R2), which are expressed in many brain areas, including the ventral tegmental area (VTA) of the midbrain (8) . Dynorphin, in contrast, is expressed widely, promotes depressive-like behaviors, and plays a key role in mediating the aversive effects of stress (9, 10) . Activation of kappaopioid receptor (KORs), the receptors at which dynorphin acts (11) , can attenuate the rewarding effects of drugs of abuse (12, 13) via actions that are mediated, at least in part, within midbrain dopamine (DA) systems (14, 15) . Despite their seemingly opposing effects on motivation, there is evidence that these peptides may act in tandem; for example, both orexin and dynorphin are released during electrical stimulation of the hypothalamus (16) . Like DA neurons, orexin and dynorphin neurons increase their activity in response to arousing stimuli like rewards and stressors (17) . The functional effects of this pattern of neuropeptide coexpression on brain reward systems, and, in turn, on motivated behavior, are poorly understood because orexin and dynorphin are not traditionally studied together. Given their opposing effects on behavior and neuronal physiology when studied alone, it can be hypothesized that dominance in the effects of one peptide over the other could cause widely divergent behavioral phenotypes in reward sensitivity. For example, dominant orexin signaling may enhance reward sensitivity and reward seeking, whereas dominant dynorphin signaling may result in decreased reward sensitivity and anergia. Because these states have major relevance to psychiatric illnesses like addiction and depression, where reward processing is disordered, we sought to examine how these peptides, alone and in combination, affect motivated behaviors and the VTA DA circuit that regulates them. To do this, we used EM to characterize peptide colocalization at a microstructural level, as well as behavioral techniques that assess the sensitivity of brain reward circuitry, impulse control, and drug taking, after pharmacological or genetic manipulation of the orexin-dynorphin system. Additionally, we used electrophysiology to determine how the concomitant presence of orexin and dynorphin, alone or in combination with antagonists at their receptors, affects the excitability of VTA DA neurons.
Results
Orexin and Dynorphin Are Cotransmitters. We confirmed coexpression of orexin and dynorphin within the same neurons of the mouse lateral, perifornical, and dorsomedial hypothalamus using fluorescence microscopy (18) (Fig. 1A) . The existence of neurons that express multiple transmitters has been described in other brain circuits and may represent the neural basis for filtering mechanisms by which release of coexpressed neurotransmitters occurs at differential firing rates (19) . Using EM, we found, however, that orexin and dynorphin are colocalized within the same synaptic vesicles. Most instances of copackaging were observed in unmyelinated, varicose axonal processes, where immunolabeling was found in or near vesicles. Within neuronal Significance Hypocretin (orexin) and dynorphin are neuromodulators that play an important role in regulating affect and motivation. Orexin is critical for reward and is implicated in drug seeking, whereas dynorphin mediates negative mood and is implicated in depressive-like states. Considering these opposing effects, reports that both peptides are expressed in the same neurons and are coreleased are counterintuitive. Here, we demonstrate that orexin and dynorphin are coexpressed within the same synaptic vesicles and that this colocalization has a profound influence on reward, drug taking, and impulsive-like behavior. The fact that orexin occludes the depressive-like antireward effects of dynorphin significantly changes how we view the functional role of orexin in the brain.
cell bodies, significant labeling was associated with the Golgi complex, whereas none was found in adjacent nuclei ( Fig. 1 B  and C) . Dendrites also contained vesicle-associated labeling for both peptides, suggesting potential dendritic release of these transmitters. A small number of microstructural profiles captured axon terminals with labeling for both peptides located in large (∼100 nm) vesicles located outside the release zone of asymmetrical synapses ( Fig. 1 B and C) , providing support for the conclusion that orexin and dynorphin function as cotransmitters and that, under normal conditions, they are released together rather than differentially as a function of cell firing frequency.
Reward Threshold-Elevating Effects of Orexin Blockade Are Reversed by Dynorphin Blockade. To explore the functional significance of this unique pattern of transmitter expression, we examined whether disruptions in orexin and dynorphin signaling can affect complex behaviors that reflect normal and aberrant motivation. In C57BL/6 mice trained to perform intracranial self-stimulation (ICSS) reinforced with lateral hypothalamic (LH) stimulation (20) , blockade of OX 1 Rs by N-(2-methyl-6-benzoxazolyl)-N″-1,5-naphthyridin-4-yl urea (SB334867) during the light phase caused dose-dependent increases in reward thresholds ( Fig. 2A ; one-way repeated measures ANOVA for Dose: F 3,12 = 4.44, P < 0.02). Increases in ICSS thresholds reflect treatment-induced reductions in the rewarding impact of the stimulation, a depressive-like sign indicative of decreased sensitivity to reward (20) . This effect was not due to sedation or other nonspecific behavioral impairments, because ICSS response rates were unaffected ( Fig. 2B ; one-way repeated measures ANOVA for Dose: F 3,24 = 0.33, P > 0.80).
Elevations in reward thresholds caused by SB334867 were prevented by pretreatment with nor-binaltorphimine (norBNI) [two-way repeated measures ANOVA for Drug (between subjects factor) × Dose SB (within subjects factor) interaction: F 3,24 = 3.98, P < 0.01], which produces long-lasting blockade of dynorphin actions at KORs (10) . These data suggest that the loss of orexin signaling reveals latent antireward effects of coreleased dynorphin. Administration of norBNI alone did not decrease reward thresholds. Although this effect may be related to the unique pharmacodynamics of norBNI and other prototypical KOR antagonists (10) , it may also indicate that there is redundancy in processes that modulate the activity of brain reward circuits or that phasic increases in orexin tone alone (unopposed by coreleased dynorphin) are insufficient to convey a reward signal from the stimulation site in the lateral hypothalamus. These findings may at first seem inconsistent with the work of others who examined SB334867 on ICSS threshold during the dark phase (21) . However, there is considerable evidence that decreases in orexin function can have consequences that depend on whether animals are tested during their light or dark phase. For example, food and water retain their rewarding effects in orexin KO mice when testing is performed during the dark phase but not during the light phase (22) , the time at which we performed all of our behavioral testing.
To localize the effects of systemic SB334867 and norBNI administration on ICSS, a separate cohort of mice were implanted with LH stimulating electrodes and VTA guide cannulae. Microinfusion of SB334867 into VTA caused marked increases in reward thresholds, indicating decreased reward sensitivity. Although intra-VTA norBNI alone had no effect on ICSS thresholds, it blocked the threshold-elevating effects of subsequent SB334867 infusion ( Fig. 2C ; one-way repeated measures ANOVA for Drug: F 3,9 = 10.98, P < 0.01). Although intracranial drug infusions tended to produce modest reductions in maximum rates of responding compared with systemic drug injections, these effects did not reach statistical significance ( Fig. 2D ; one-way repeated measures ANOVA for Drug: F 3,9 = 1.03, P = 0.112).
Impulsivity Regulated by Orexin and Dynorphin Transmission. Impulsivity is characterized by deficits in the suppression of rewardseeking behaviors, with high levels of impulsivity being a common feature of many psychiatric illnesses (23) . Drugs of abuse, including cocaine, can also trigger increases in impulsivity, which is hypothesized to drive the development of addiction (24) . Considering the key role for coreleased orexin and dynorphin in controlling sensitivity to the rewarding effect of LH stimulation in the ICSS test, we hypothesized that interactions between these two neuropeptides may influence baseline impulsivity and cocaine-induced deficits in this behavior. Impulsivity can be quantified in rodents by measuring premature responses in the 5-choice serial reaction time task (5-CSRTT) (25) , an animal model analogous to the continuous performance test used to study attention in humans. Premature responding in this test tends to be low under normal conditions and is exacerbated by drugs that elevate DA transmission (26) . We used the 5-CSRTT to examine the contribution of the orexin-dynorphin system to spontaneous and cocaine-induced impulsive behavior. When administered alone, SB334867 further reduced the already low number of spontaneous premature responses ( 2 of hypothalamic tissue from two mice was examined, and n = 139 instances of immunolabeling were quantified. AT, axon terminal; Dyn, dynorphin; fx, fornix; Go, Golgi complex; LHA, lateral hypothalamic area; Nu, nucleus; Orx, orexin; ot, optic tract.
that they were not due to degraded vigilance or motor capabilities. Administration of norBNI, however, reversed the effects of SB334867 on premature responding ( Fig. 3B ; F 3,18 = 0.45, P = 0.71), suggesting that unopposed dynorphin transmission is critical in mediating these antiimpulsive effects. Given alone or in combination with SB334867, norBNI produced no effects on measures of response accuracy (F 3,18 = 0.66, P > 0.58), latency (F 3,18 = 3.09, P > 0.06), or the number of stimulus trials completed (F 3,18 = 2.38, P > 0.10). Pretreatment with SB334867 also prevented the twofold increase in premature responding induced by cocaine ( Fig. 3C ; F 6,24 = 5.84, P < 0.01). These data provide evidence that orexin neurotransmission can regulate impulsive behavior under both baseline and cocaine-stimulated conditions in a dynorphin-sensitive manner.
Dynorphin Mediates Reduced Cocaine Self-Administration in OX 1 RNull Mice. Vulnerability to addiction is markedly increased in impulsive individuals, and cocaine-induced increases in impulsivity are hypothesized to contribute to the emergence of addiction (23, 27) . Moreover, orexin transmission and dynorphin transmission have been independently implicated in regulating the rewarding effects of cocaine and other drugs of abuse (28) (29) (30) (31) (32) . We hypothesized that interactions between orexin and dynorphin transmission may directly control drug taking. To explore this possibility, we examined i.v. cocaine self-administration in genetically modified mice lacking OX 1 Rs (OX 1 R −/− ). Mice of this genotype exhibit significantly lower cocaine selfadministration across a broad range of doses (0.1-1 mg/kg per infusion) but demonstrate unaltered responding for food rewards under the same reinforcement schedules (33) , suggesting that reductions in cocaine taking are not secondary to deficits in behavioral performance. Moreover, OX 1 R −/− mice show normal rates of cocaine self-administration during the approximately three initial sessions of cocaine access but then rapidly show decreases in cocaine taking (33) . We confirmed this phenotype at a dose of 0.3 mg/kg per infusion, indicating that signaling via OX 1 Rs plays a critical role in establishing and maintaining cocaine self-administration behavior [ Fig. 4 ; two-way repeated measures ANOVA, Genotype (between subjects factor) × Drug Treatment (within subjects factor): F 1,12 = 12.91, P < 0.01]. Just as pretreatment with norBNI restored normal ICSS and impulsive-like behavior in mice given SB334867, it also partially restored cocaine self-administration in OX 1 R −/− mice, providing a unique example in which a behavioral deficit produced by genetic ablation in the function of one neurotransmitter system is rescued by blockade of another. These findings suggest that, in OX 1 R −/− mice, the unopposed actions of dynorphin attenuate the rewarding properties of cocaine, and thereby decrease selfadministration of the drug. Interestingly, in OX 1 R +/+ (control) mice, norBNI unexpectedly reduced cocaine self-administration. One possible explanation for this effect is that dynorphin released by nonorexin neurons, such as the so-called "direct" striatonigral medium spiny neurons, has the opposite effects on cocaine intake and may actually facilitate the rewarding effects of cocaine. The existence of two populations of KORs with opposite roles in cocaine reward would also explain why norBNI only partially reversed the deficits in cocaine-taking behavior detected in the OX 1 R KO mice. Alternatively, KOR antagonism ). ***P < 0.001, between groups;^P < 0.05, difference from baseline. (B) Drug manipulations had no effect on performance capabilities in the ICSS test, because maximum rates of responding were unaffected (n = 5). Intra-VTA delivery of SB334867 (SB; 3.2 ng per 0.5 μL) and norBNI (2.5 μg per 1 μL) (C) produces more pronounced effects on ICSS than systemic delivery of these drugs, as shown in A, in the absence of any motor effects (D) (n = 4). **P < 0.01. Electrode placements are shown in Fig. S1 A and B.
reduces the aversive or stressful effects of cocaine withdrawal (34) , which contribute to drug intake patterns (17) . Regardless, these data suggest that the depressive-like effects of dynorphin prevail in the absence of intact orexin signaling, producing reductions in the rewarding effects of cocaine, whereas the effects of orexin facilitate the rewarding effects of cocaine, extending their duration in the absence of dynorphin signaling.
Orexin and Dynorphin Can Exert Balanced Opposing Effects on
Excitability of VTA DA Neurons. Brain structures that receive input from hypothalamic orexin and dynorphin neurons are potentially exposed to both peptides, and thus subject to their opposing effects on neuronal excitability (35, 36) . The extent to which the effects of one peptide prevail over those of the other likely depends upon numerous factors, including the relative abundance of each peptide, longevity in the extracellular space, and receptor expression in different populations of target neurons, as well as interactions between the receptors and their intracellular signaling mechanisms in postsynaptic cells. Impulsivity and cocaine reward are regulated, at least in part, by DA neurons in the VTA (26), a prominent target of hypothalamic orexincontaining cells (37) . Moreover, infusion of orexin into the VTA enhances drug seeking (6) . To assess the relative contributions of each peptide on the activity of VTA neurons, we made electrophysiological recordings from DA cells in C57BL/6 mouse brain slices exposed to orexin and dynorphin applied singly or together. As anticipated, when applied separately, orexin was uniformly excitatory, whereas dynorphin produced only inhibitory Measures of accuracy, latency to retrieve the food pellet, and number of trials omitted were unaffected (n = 8). *P < 0.05, difference from vehicle and 3-mg/kg groups. (B) Pretreatment with norBNI (10 mg/kg, i.p.) attenuates the effect of SB334867 (10 mg/kg, i.p.) on premature responding, whereas other measures remain unaffected. Post, Veh, and SB measures were made after norBNI injection (indicated by underlining) (n = 7). (C) Pretreatment with SB334867 blocks cocaine-induced increases in impulsive behavior. As in B, other measures of task performance were unaffected (n = 5). *P < 0.05. All data in A-C are represented as mean ± SEM. Coc, cocaine; Post, post-norBNI pretreatment; Sal, saline vehicle for cocaine; Veh, dimethyl sulfoxide vehicle for SB334867. effects (Fig. 5 A and B; F 2,50 = 18.95, P ≤ 0.01). In the population of DA neurons recorded, most responded to saturating concentrations of both peptides, although a small minority were selectively responsive only to orexin or dynorphin (Fig. 5B) . Remarkably, when both peptides were applied to the dual-responsive neurons (n = 10), there was no net effect on firing rate (Fig. 5A) , suggesting that the opposing effects of each peptide at saturating concentrations effectively cancel one another out upon corelease. Four of the 10 neurons showed preferential inhibition by dynorphin despite the presence of orexin, whereas one cell was preferentially excited (>1.5-fold change) by orexin despite the presence of dynorphin (Fig. 5 A and C) . Overall, although more cells were responsive to orexin than dynorphin, those cells that were responsive to both peptides had no net change in firing rate when orexin and dynorphin were coapplied, suggesting that the opposing influences of each peptide were balanced within the set of VTA DA neurons studied.
To elucidate further the potential orexin-dynorphin interactions within VTA DA neurons that were sensitive to both orexin and dynorphin, we attempted, alternatively, to augment the inhibitory effects of bath-applied dynorphin by treatment with SB334867 ( Fig. S2A ; F 5,25 = 2.13, P < 0.01) or to enhance the excitatory effects of bath-applied orexin by treatment with norBNI ( Fig. S2B; F 3 ,27 = 5.48, P < 0.01). In both experiments, OX 1 R and KOR blockade failed to produce these effects, suggesting that SB334867 and norBNI are not exerting effects via nonspecific actions. More importantly, these data suggest that the tone of each peptide in vitro is insufficient to be influenced by application of small-molecule antagonists like SB334867 and norBNI. This finding is consistent with previous work indicating that exocytosis of large, peptide-containing vesicles typically occurs only at high sustained firing frequencies not normally present in slice preparations (38) .
To verify that norBNI did not influence behavior through "offtarget" actions directly at OX 1 Rs, we next examined the effects of this antagonist on OX 1 R signaling. Specifically, we used a fluorometric imaging plate reader (FLIPR) assay to determine the ability of bath-applied orexin A, SB334867, or norBNI to induce intracellular calcium transients in cultured CHO cells expressing human OX 1 Rs. Although orexin A produced the expected increases in intracellular calcium (EC 50 = 0.01 μM) and SB334867 dose-dependently attenuated this effect (EC 50 = 0.035 μM), norBNI failed to produce any effects on either baseline or orexin A-evoked increases in intracellular calcium. This suggests that the effects of norBNI on VTA DA neuronal physiology are solely via proposed KOR signaling mechanisms and the drug has no direct effect at OX 1 R (39) (Fig. S3 A-C) .
Orexin-Dynorphin Interactions in VTA Regulate Cocaine SelfAdministration. Our electrophysiology studies demonstrate that dynamic interactions between orexin and dynorphin regulate VTA DA activity, and that VTA neurons likely serve as a key substrate for the effects of the orexin-dynorphin system on motivated behaviors. To test this hypothesis directly, we examined the effects of intra-VTA infusion of SB334867 on i.v. cocaine self-administration in rats. Compared with intra-VTA vehicle infusion, intra-VTA SB334867 caused a marked reduction of cocaine intake that was blocked by norBNI ( Fig. 6 ; one-way ANOVA: F 3,24 = 11.56, P < 0.01), suggesting that unopposed dynorphin actions within this brain area attenuate cocaine reward. These results appear to be at variance with those that have demonstrated the absence of intra-VTA SB334867 on cocaine self-administration in low-effort fixed ratio 1 (FR1) schedules of reinforcement (40) . However, several reports have shown that as task demands increase, SB334867 is more effective in reducing drug taking (2, 33) . Because rats in this experiment were performing a higher effort FR5 schedule, the present findings are consistent with this literature. These data provide direct evidence that the opposing nature of orexin and dynorphin on VTA DA neuronal physiology may exert significant effects on reward-driven behaviors.
Discussion
We report that orexin and dynorphin, neuropeptides that can produce opposite effects on motivation, are found in the same synaptic vesicles. The finding that these neuropeptides are copackaged and presumably coreleased under the same physiological conditions (16) has far-reaching implications because it raises the possibility that this process also occurs in systems traditionally conceptualized as depending primarily on individual transmitters. We also demonstrate that orexin, signaling via OX 1 Rs, attenuates key functional and behavioral effects of its cotransmitter dynorphin. Orexin-dynorphin neurons express increased levels of the immediate early gene c-Fos in response to rewards and reward-predictive cues (4, 6, 22) , indicating high levels of neuronal activation that favor neuropeptide release. We then provide evidence that corelease of orexin can occlude effects of dynorphin on motivated behavior via its actions on DA neurons in the VTA. Blockade of orexin can produce dynorphinor KOR agonist-like effects on ICSS and cocaine-related behaviors that are reversed with KOR antagonism (13, 41, 42) . Previous studies of each of these peptides in isolation support these conclusions: Direct infusion of orexin into the VTA reinstates drug seeking (6), whereas intra-VTA infusion of KOR agonists produces depressive-like effects, such as dysphoria (43) . We hypothesize that orexin normally acts together with excitatory rewardresponsive inputs to the VTA [e.g., glutamate from prefrontal cortex and other structures (44, 45) ] to overcome the inhibitory influence of dynorphin and local GABA transmission on DA neurons, enhancing forebrain DA release associated with reward and motivated behavior. It is important to emphasize that although boosting orexin transmission appears to be able to offset the depressive effects of KOR activation, KOR antagonism does not produce a purely reciprocal effect (elevated reward function). We hypothesize that this may be due, in part, to the different pharmacodynamic and pharmacokinetic profiles of SB334867 and norBNI. The former drug shows classic activity and a t 1/2 of ∼24 min (46), whereas a single injection of the latter produces functional antagonism of KORs that persists for weeks (10) . In addition, prototypical KOR antagonists like norBNI are "biased agonists" that may simultaneously activate other signaling pathways, such as that of c-Jun kinase (39), thereby producing acute effects or compensatory adaptations that are sufficient to offset higher levels of orexin tone. Definitive conclusions about whether these effects are reciprocal await the development of short-acting KOR antagonists that do not act upon other intracellular signaling pathways; such compounds are not currently available (10) . Further, the present experiments focus on the VTA and cannot rule out the possibility that the effects of orexin and dynorphin may not be dichotomous in other structures or that the VTA is the only structure in which orexin-dynorphin interactions influence behavior. For instance, there is evidence that orexin is involved in the stress response and may participate alongside dynorphin to engender negative affective states that accompany drug withdrawal (40, 47) . Clearly, additional work is necessary to determine the circumstances, anatomical loci, and mechanisms that appear to permit concerted vs. opposing actions of orexin and dynorphin in different behavioral paradigms.
Our data also support the view that the action of both peptides is modulatory, because disruption of either OX 1 Rs or KORs reduced but did not abolish the behaviors tested. For instance, ICSS behavior persisted even at high doses of SB334867, demonstrating that orexin alone is not sufficient to account for the rewarding effects of LH stimulation. One possibility is that although orexin may not maintain ICSS behavior, it mitigates its disruption by offsetting the actions of dynorphin. Differential expression of orexin and dynorphin by the same population of hypothalamic neurons may be a mechanism by which the excitability of DA neurons in the VTA can be regulated by external stimuli, as well as by experience or disease. As one example, orexin mRNA levels are decreased following a type of chronic social stress that results in a depressive-like phenotype in mice (48) and rats (49) . This depressive-like phenotype could be due, at least in part, to reductions in orexin expression that render the actions of dynorphin unopposed. These findings have important implications for interpreting data involving orexin and dynorphin in isolation, because adaptations in one system may be counterbalanced by adaptations in the other. They may also add flexibility in the design of therapeutic strategies to treat disorders ranging from narcolepsy to mood and impulse-control disorders. For example, a unique approach to treating conditions caused by dysregulation of orexin might be to manipulate KOR function, and, conversely, disorders characterized by altered dynorphin function might be offset by manipulations of orexin systems.
Materials and Methods
Animals. The adult male C57BL/6J mice (8 wk of age; Jackson Laboratory) used in EM experiments were group-housed (three to five per cage); those used for ICSS were housed singly following surgery. Adult male (350 g) SpragueDawley rats (Charles River Laboratories) were used in the 5-CSRTT and cocaine self-administration experiments and were housed in groups of four. The adult male C57BL/6J mice (postnatal days 19-21) used for the electrophysiology experiments were group-housed (three to five per cage). The OX1 −/− mice and their OX1 +/+ littermates (6 wk of age) used for the selfadministration studies were obtained from Jackson Laboratory and were backcrossed more than seven generations to C57BL/6 mice. These mice were group-housed (two per cage). All animals were housed under temperaturecontrolled conditions on a 12-h light/dark cycle, and behavioral testing occurred 4-5 h into the light cycle; food and water were available ad libitum unless otherwise indicated. Procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (50) and were approved by the Institutional Animal Care and Use Committees of McLean Hospital, the University of British Columbia, and Scripps Florida.
Immunohistochemistry and Microscopy. Fluorescence and silver-enhanced gold immunolabeling for orexin A or prodynorphin was carried out on alternate mouse brain sections according to previously reported procedures (51) , and processed following standard EM protocols. Nonoverlapping regions of immunolabeled tissue were then randomly selected and photographed for quantification of particles using ImageJ software (National Institutes of Health) (SI Materials and Methods, Immunohistochemistry and Microscopy).
Electrophysiology. Patch pipettes (3-5 MΩ) were filled with 143 mM potassium gluconate, 10 mM Hepes, 0.2 mM EGTA, 2 mM MgATP, 0.3 mM NaGTP (with a pH of 7.2), and 270-280 mM mOsmol. Data were acquired at 20 kHz and filtered at 2 kHz using pClamp 10.0 software (Molecular Devices). After acquiring a whole-cell configuration, cells were voltage-clamped at −70 mV and a series of voltage steps (250 ms, from −60 to −130 mV in 10-mV steps) were applied to detect hyperpolarizing (I h ) currents. I h was determined as the change in current between ∼30 ms and 248 ms after the voltage step was applied. Intrinsic activity of VTA DA neurons was measured in currentclamp mode. Experiments began when a stable baseline firing rate was achieved; substrates were then applied for 5 min and subsequently washed out with artificial cerebrospinal fluid. The last 3 min of each 5-min segment were used for data analysis. Dynorphin A (1-17; 200 nM) and orexin A (100 nM) were obtained from American Peptide and dissolved in distilled water. . Orexin-dynorphin interactions in VTA mediate drug taking. Cocaine self-administration is reduced by intra-VTA SB334867 (3 μg per side), whereas this effect is reversed by pretreatment with norBNI (10 mg/kg, i.p.) (n = 9). ***P < 0.001.
These concentrations were previously found to exert saturating effects on VTA cell activity (5, 52) . Thiorphan (1 μM) and bestatin (10 μM) were obtained from Sigma-Aldrich, dissolved in distilled water, and applied together with dynorphin A (SI Materials and Methods, Electrophysiology).
FLIPR Assay. OX 1 R activity was assessed by measuring intracellular calcium levels by FLIPR assay as described previously (53) (SI Materials and Methods, Fluorometric Imaging Plate Reader Assay).
ICSS. Mice were implanted with monopolar stimulating electrodes or cannulae (PlasticsOne) under ketamine/xylazine (80 and 10 mg/kg, respectively, i.p.; Sigma) directed stereotactically to the LH (18) and/or contralateral VTA [from bregma: anteroposterior (AP), −3.2 mm; mediolateral (ML), −0.5 mm; dorsoventral (DV), −4.7 mm from dura]. After a 7-d recovery period, mice were trained to respond for brain stimulation as described previously (18) . The lowest frequency that supported responding (threshold) was computed using least-squares line-of-best-fit analysis. When mice fulfilled stability criteria for ICSS thresholds (±10% over 5 consecutive days), effects of drug treatments were measured. SB334867 (Scripps Florida) or DMSO vehicle was given on alternate days using a Hamilton syringe (0.1 mL/kg i.p.), and thresholds were immediately quantified in 15-min test sessions. The norBNI (10 mg/kg i.p.; Sigma) was given in saline (10 mL/kg) 48 h before the start of ICSS testing.
The 5-CSRTT. Rats were food-restricted (to 85% of free-feeding weight) and trained in computer-controlled operant chambers housed inside ventilated, sound-attenuating cabinets (Med Associates), and 5-CSRTT procedures carried out as described (25) . SB334867 (in DMSO, 0.1 mL/kg) and/or cocaine (in saline, 1 mL/kg; Sigma) was given by i.p. injection 10 min before testing, as in other experiments, and norBNI was given at least 48 h before the start of testing (SI Materials and Methods, The 5-Choice Serial Reaction Time Task).
I.V. Cocaine Self-Administration. Rats and mice were anesthetized with an isoflurane (1-3% vol/vol) oxygen vapor mixture and surgically prepared with Silastic (VWR Scientific) catheters in the jugular vein according to established procedures (54) . Immediately following catheter implantation in the rats, bilateral stainless-steel guide cannulae (23 gauge, 17 mm in length) were implanted in the VTA (from bregma: AP, 5.3 mm; ML, ±0.7 mm; DV, −7.5 mm from dura). Testing with SB334867 or norBNI during 60-min daily sessions was performed after stable cocaine intake was achieved (<20% variation in responding for 3 consecutive days; SI Materials and Methods, I.V. Cocaine SelfAdministration).
Statistics. Data are expressed as mean ± SEM. For ICSS experiments, two-way repeated measures ANOVA was used to compare means between SB334867-treated and norBNI + SB334867-treated conditions. One-way repeated measures ANOVA with Newman-Keuls post hoc tests was used to compare means within SB334867 and norBNI + SB334867 conditions. One-way repeated measures ANOVA and Newman-Keuls tests were also used to compare means in all 5CSRTT experiments. Two-way repeated measures ANOVA was used to compare means between treatment groups in cocaine selfadministration experiments with OX 1 R KO mice. One-way repeated measures ANOVA and Newman-Keuls tests were used to compare mean responses to orexin and dynorphin by VTA DA neurons. One-way repeated measures ANOVA and Newman-Keuls tests were also used to compare means of cocaine intake in rats treated with SB334867 and norBNI. Differences were considered significant if P < 0.05. Electrophysiology. At the beginning of all experiments, mice were briefly anesthetized with halothane and decapitated; brains were then rapidly extracted into ice-cold sucrose solution containing 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 7 mM MgCl 2 , 0.95 mM CaCl 2 , and 1-1.5 mM ascorbic acid. Horizontal slices containing ventral tegmental area (VTA) were cut at 290 μm on a Vibratome (VT1200; Leica). Slices were transferred to 250 mL of artificial cerebrospinal fluid (aCSF) containing 126 mM NaCl, mM 1.6 KCl, 1.1 mM NaH 2 PO 4 , 1.4 mM MgCl 2 , mM 26 NaHCO 3 , 11 mM glucose, and 2.4 mM CaCl 2 , and were incubated for a minimum of 60 min at 31.5 ± 1°C before recording. All solutions were continuously saturated with 95% O 2 / 5% CO 2 (vol/vol). Slices were placed in the recording chamber and perfused with 34 ± 1°C aCSF with the addition of 100 μM picrotoxin. Cells were visualized on an upright microscope using "Dodt-type" gradient contrast IR optics. Whole-cell currentclamp recordings were made using a Multiclamp 700B amplifier (Molecular Devices). Series resistance was monitored by the peak amplitude of the capacitive transient induced by a step of −5 mV applied every 4 or 6 s. Neurons in which the series resistance was ≥30 MΩ and changed by 15% during the experiment were discarded from analyses.
Supporting Information
Fluorometric Imaging Plate Reader Assay. Cells were incubated with an equal volume of calcium-4 loading buffer (Molecular Devices) containing 2.5 mM probenecid at 37°C for 30 min, followed by addition of N-(2-methyl-6-benzoxazolyl)-N″-1,5-naphthyridin-4-yl urea (SB334867) or nor-binaltorphimine (norBNI) (dose range: 0.1 nM-100 μM) for another 30 min. The plates were then placed into a fluorometric imaging plate reader (Molecular Devices, Inc.) to monitor fluorescence (λ excitation = 488 nm, λ emission = 540 nm) before and after the addition of EC 90 of orexin A peptide.
The 5-Choice Serial Reaction Time Task. The front wall of each chamber had five internally illuminated apertures fitted with IR detectors for recording nose-poke responses. The rear wall held a food receptacle and dispenser, and it was also illuminated and fitted with an IR detector. During a 90-trial session (∼20 min), rats are given a food pellet (45 mg; Bio-Serv) for correctly nosepoking in one of the five apertures after it was briefly illuminated (0.5 s). Rats responding before cue presentation, responding during a 5-s intertrial interval (premature response), responding incorrectly (nose-poking nonilluminated apertures), or failing to respond within the allowed 5-s response period (omitted response) were subjected to a 5-s time-out period where the apparatus house light is extinguished and no food or light cues were presented. Once rats achieved a stable criterion of >70% correct responses, with no omissions, and <5% variability in premature responses on at least 4 consecutive days, they began drug testing experiments.
I.V. Cocaine Self-Administration. Catheters consisted of a 14-cm (rat) or 6-cm (mouse) length of Silastic tubing fitted to a guide cannula (Plastics One), bent at a curved right angle, and encased in dental acrylic. The catheter tubing was passed s.c. from an animal's back to the right jugular vein, and a 1-inch (rat) or 1-cm (mouse) length of the catheter tip was inserted into the vein. In intra-VTA infusion experiments, 14-mm stylets were inserted into the cannulae and four stainless-steel skull screws and dental acrylic held the cannulae in place. Only rats with injector tips verified to be located within the VTA were included in statistical analyses. Following 7 d of surgical recovery, mice and rats were mildly food restricted to maintain 85-90% of their free-feeding body weight and trained in an operant chamber (Med Associates) to press an "active" lever for food pellets (45-mg pellets for rats, 20-mg pellets for mice; TestDiet) under a fixed ratio 5 time-out 20 s (FR5TO20) reinforcement schedule. Rats and mice were also presented with an "inactive" lever during training and testing sessions, responses on which were recorded but were without scheduled consequences. Animals responded for food until the criterion was reached (>25 pellets per daily 1-h session for ∼14 d). Subsequently, they were permitted to respond for cocaine infusions on the FR5TO20 schedule during 1-h daily sessions until stable levels of cocaine intake were established (<20% variation in the number of infusions earned per session for 3 consecutive days, 7-12 sessions required). Each cocaine infusion earned resulted in the delivery of 0.5 mg/kg of cocaine per infusion (rat) or 0.3 mg/kg of cocaine per infusion (mouse) dissolved in sterile saline (0.9% wt/vol) over 3 s and initiated a 20-s time-out period signaled by a light cue located above the lever. Responding on the active lever during the postinfusion time-out period was recorded but was without scheduled consequence. Catheter patency was tested by i.v. administration of Brevital (Eli Lilly) upon completion of the cocaine self-administration experiments.
Experimental procedure: Rats. Rats self-administered cocaine during 60-min daily sessions until stable intake was achieved, defined as <20% variation in responding for 3 consecutive days. We then examined the effects of intra-VTA infusions of SB334867 on cocaine intake in rats pretreated with saline according to a crossover design. On the first test day, rats received a saline injection (i.p.) and then received an intracranial injection of SB334867 (3 μg per side) or vehicle (50:50 sterile saline solution/DMSO vehicle) directly into the VTA 30 min before their daily cocaine self-administration session. All intra-VTA infusions were administered bilaterally in a volume of 0.5 μL per side over a 60-s period. We did not observe any deleterious behavioral effects from using a 50% (vol/vol) DMSO vehicle concentration after intracerebral injection. Rats then had two daily self-administra-tion sessions between intracranial injection test days to ensure that rates of responding for cocaine returned to preinjection baseline. Next, we examined the effects of intra-VTA infusions of SB334867 on cocaine intake in rats pretreated with norBNI, again according to a cross-over design. Because norBNI induces long-lasting inhibition of kappa-opioid receptors, we permitted animals to self-administer cocaine for an additional three daily sessions to reestablish stable responding and then assessed the effects of intra-VTA injections of SB334867 on cocaine responding. The intra-VTA injection procedure, using a crossover design, was then repeated exactly as described above. Experimental procedure: Mice. After training on the cocaine selfadministration procedure, mice received an i.p. injection of saline (0.9% wt/vol) 30 min before the next session and responding was evaluated for 2 additional days. Next, a single i.p. injection of norBNI (10 mg/kg) was administered to mice 30 min before the daily cocaine self-administration session commenced, and cocaine intake was recorded across five daily sessions. 
